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1. INTRODUCTION

Pressure generation A':,hin guns is known to depend on the amount of surface area of the

propelling charge. Generation of fracture surface area can occur when mechanical loads are applied

to the propellant grains during ignition and combustion. Many studies"' have been undertaken to

establi A, the link between the mechanical response to deformation and the surface area generation

that results from mechanical damage. Results of these studies have led to improvements in

performance and propellant vulnerability responses, but have not revealed the nature of fracture onset

and growth within the propellant.

The measurement of surface area created by mechanical damage has been performed in various

ways. Pycnometery and the closed bomb burning of damaged specimens have been used and they

offer insight into the extent of fracture damage of propellant specimens. However, in order for the

results to be optimally used, the experimental results must be related to the influence that the damage

has on propellant combustion. Problems occur when the results are interpreted. For example, the

surface area measured by the pycnometer may not be accessible to the flame, or, conversely, the flame

may avail itself to much more area than the pycnometer can measure. Closed bomb analysis seems

to provide the most direct measurement, but, even there, dynamic effects, such as the ease of the

ignitibiliy of freshly fractured surfaces or the nature of fracture surface area generation under the

influence of the dynamic environment, raise questions about applicability of the experimental results

to the operational environment situation. It is imperative, therefore, that as much as possible be

known about the fracture process, including its onset and early development so that the applicability

of test methods and results can be properly made. One method that can be used to investigate the

boundary surfaces of a system is to scatter radiation from the system and to analyze the results.

Neutron and x-ray scattering by a specimen depend on contrast modulation throughout the

specimen. These modulations can be caused by a change in density, or scattering cross section. For

the radiation used in the present, the interface boundaries are probed. In a homogeneous material,

fracture will increase the scattering cross section by introducing the fracture surface. In a composite

consisting of materials of different contrast, scattering will occur at the interface boundaries. This

scattering will be increased by fracture occurring either by separation of the component materials or

by bulk fracture.

These scattering features offer a method by which the onset and nature of the fracture process can

be investigated. Since the greatest change in scattering attributable to fracture would be expected to

occur in composite materials, composite propellants, M30 (Lot RAD-PE-753-12B) and M43 (Lot
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IH90L-E-00025), were selected for this investigation. Specimens were prepared and uniaxially

compressed at a high rate of deformation to various strain levels that ranged from 0% to 20%. The

changes in the structure of these materials caused by this treatment were investigated by small angle

scattering of both neutrons and x-rays. These measurements revealed the onset and nature of growth

of the damage. This information offers significant insight into the fracture process and helps direct

future research efforts aimed at uncovering important processes that occur during propellant

combustion.

The experimental methods used here will clearly apply to the study of a large range of composite

material studies.

2. NEUTRON AND X-RAY SMALL ANGLE SCATTERING

The theory and practice of scattering of neutrons and x-rays are well established7 . Improvements

in the instrumentation and adaptations of the theory to understand the physics in new materials

continue. Here, we focus on those aspects that address the present work.

Both types of radiation are able to scatter coherently from centers of which the material is

composed. For neutrons, these scattering centers are the nuclei and for x-rays, they are the

electrons of the atoms in the material. Since the scattering is coherent, it carries information

about the geometric prope rties of the conglomerate of scattering centers. An essential quantity

that describes the radiation is the wave vector Q whose magnitude is given by

Q=4sin 0, (1)

where X is the wavelength of the radiation and 20 is the scattering angle. The scale, r,, of the

geometry to which the radiation is sensitive is of order

21t
r. = V(2)

Typical values of the radiation wavelength range from 0.1 to 1 nm (1 to 10 A) so that the study of

structures with geometric scales of 100 nm requires scattering angles of about 10 or less (thus small

angle scattering). The structures of this scale size will reveal themselves if contrast modulations

scatter the probe radiation. The specimen may consist of different materials or a material and voids.

The scattering length density, pi, for material i can be calculated from measured properties of the

scattering centers of which it is composed, and is given by
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where NA is the Avogadro constant, Di is the mass density of material i, the sums are over the k atom

types in material i, nk is the number of atoms of type k, Wk is the atomic weight of atom type k, and

bk is the scattering length of atom type k for the radiation of wavelength X. Note that the dimension

of p is L-2. For neutrons, the values of bk for the various materials are available as measured

quantities, whereas for x-rays, bk = ZkbeC in which Zk is the atomic number of atom k and b, is the

scattering length of a single electron for x-rays, namely, the classical electron radius. These

quantities are listed in Table I and are based on the formulas for M30 and M43, also provided in the

table. The only requirement for coherent scattering to occur is that (Apij)2 between the two materials

i and j be non-zero. Note that pi of material i is different for neutrons and x-rays, but of more

importance is that the contrast of materials i andj is also different for neutrons and x-rays. This last

observation is particularly useful when the system being studied consists of three components (as is

the case here).

The dependence of the scattering intensity I(Q) on Q is different for different magnitudes of Q

even for the same material. This can be understood from Equation 2. The region of interest in the

present work is known as Porod 7 scattering and is valid for the range of Q sensitive to the surface area

of the geometric structure. In this region the intensity is given as

(Ap.j)2 S.j
I(Q) = 2nt i) (4)

where the sum is over pairs of materials ij between which there exists a boundary of specific surface

Sij, i.e., surface area per unit volume of sample. In the present work, the propellants consist of three

materials, the filler, F, the binder, B, and voids, V. There are, therefore, three specific surface areas

to be determined SF, SF and SBv. Only two measurements are available, namely, In and k, the

neutron and x-ray intensities. As indicated above, voids can exist in the binder, filler, or between

binder and filler. If these voids had been accessible to the outside, they could have been filled with

a contrasting liquid making available another set of independent data. This was attempted without
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Table 1. Neutron and X-ray Scattering Length Density for
the Composite Propellant Filler and Binder

Compnoent Weight Volume IW D IZ p,. Px-,y
Percent Percent (g/mole) (g/cc) (109cm-2) (109cm"2)

NQ (filler) 48 46.3 104 1.81 54 42.5 159
NC (binder) 28 29.5 272 1.655 140 33.8 144
NG (binder) 22 24.1 227 1.591 116 34.6 138

Net Filler & Binder Scattering Length Density
P 42.5 x le cmr 2  PFx-ray = 159 x 109 cm"2

P 34.2 x 109 cm-2  PB. = 141 x 109 cm

M43
RDX (filler) 76 69.3 222 1.80 114 43.8 159
NC (binder) 4 4.0 272 1.655 140 33.7 144
CAB (binder) 12 17.2 330 1.16 176 13.6 105
Plast. (binder) 8 9.5 320 1.39 166 25.4 122

Net Filler & Binder Scatterin? Length Density

PF,= 43.8x 109 cm"2  pFX.,y = 159 x 10 cm"2

PB = 21.1 x 10 cm-2 pBx-a 117 x 109 cm"2

12k j ,Values

Element bk
(1012 cm)

C 0.6648
H -0.3741 be = 0.28 x 10-2cm
N 0.930
0 0.5805
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success as a part of this investigation. Therefore, a simple model is used here in which each void

presents an equal surface to each of the filler and binder materials. During propellant manufacture,

the filler is wetted by the binder and extruded. Voids within the binder or filler alone comprise a very

small amount of the interface surface. It is thought that any new fracture surface would occur

between the binder and filler, as is usually seen in micrographs of these materials after fracture

damage has occurred. These observations help justify considering this model, in which

= SBy = 1 S. Using this assumption, the two measurements of the neutron and x-ray intensities

yield the equation

=22r[(P 2 + P2)L ''.+ (PFm- pB) 2 SFB(5)
m4

Q

where m represents the radiation type, either neutrons or x-ray. Inversion of these equations yields

a direct measure of the two specific surfaces.

3. EXPERIMENTAL PROCEDURE

3.1 Preplaration of Propllant Spcimens The specimens were prepared by cutting extruded

solid sticks of propellant into right circular cylinders (diameter = 12.7 mm) with a length of 10.0 mm

using a diamond saw. Two sets of five specimens were prepared for each propellant, and each set

was uniaxially strained to 0% (undamaged), 2%, 5%, 10% and 20%. The compression was

conducted in a servohydraulic test fixture, illus-

I trated in Figure 1. The unique feature about this
S•,,ts¢t Dl machine is that compression can be arrested at a

.F,,, i selected strain by adjusting the height of the

* . .. * anvil. As the actuator moves down, the force

- gauge comes into contact with the specimen and
Spedln-

Aavfl compression begins. It is halted when the inside

.,, bed cam surface of the impact bell contacts the mated

Nitr,. Song surface of the impact cone. The nitrogen cylinder
then absorbs the residual system energy by mov-

ing the piston. Therefore, the level of strain can

be selected by adjusting the anvil height. The

Figure 1. Servohydraulic Tester compressive strain rate was 100 s-.
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50 Pi a. M30 b. M43

Figure 2. SEM Micrographs of the Propellant Specimens

The filler in M30 is nitroguanidine (NQ), which is in the form of long, needle-like crystals of

diameter from 5 to 10 pm. The nitrocellulose (NC) and nitroglycerin (NG) form an intimate mixture

(solution) which acts as a binder for the system. The filler in M43 is cyclotrimethylene-trinitramine

(RDX) and is of significantly different form than the filler in the M30 system. The RDX is ground

into small (1 to 20 gm) ellipsoidal crystals that are held together by the intimately mixed cellulose

acetate butyrate (CAB)/NC/plasticizer binder. The adhesive binding strength in this system is much

weaker than that of the M30 system. Figure 2 shows scanning electron micrographs of split

propellant specimens that reveal the undamaged, intrinsic, propellant morphology.

After compression, the propellant cylinders were cut into 1-mm-thick scattering specimens, as

illustrated in Figure 3. Two types of specimens

were made. Type A was cut perpendicular to the

cylinder axis and Type B was cut parallel to the C,,i Axi

axis and through the center of the cylinder. The B Sx Axiod NQ Orca ion

two types were needed to detect in greater detail A for M3o

the way in which damage occurs. Note that the

alignment of the NQ, which occurs during the

extrusion process, is along the axis of the grain,

as shown in Figure 3. This orientation is pre-

sented differently to the beams in the Type A and

Type B specimens (hereafter simply referred to

as A or B), as shown in Figure 4. and B Specimens

6



"A" Specimen Axial & NQ
Orientation for M30

Beam B "B" Specimen Axial & NQ

Orientation for M30

Figure 4. Schematic of the Scattering Experiment

3.2 Scattering Measurements Both the neutron and x-ray spectrometers are located at the

National Institute for Standards and Technology (NIST). Figure 4 is a schematic appropriate for both

instruments. The method of obtaining the monochromatic beam of radiation differs for each

technique, but the subsequent characteristics are essentially the same. The neutron beam wavelength

was 8 A (vn = 490 m/s) and the x-ray wavelength was 1.5 A (Cu Ka). The direction of the neutron

beam is defined by two circular slits separated by distances of the order of 1 m. The distance between

the sample and detector is about 8 m. These two geometries determine the angular resolution of the

instrument. The detector is a two-dimensional, position-sensitive device that collects data simulta-

neously in a plane perpendicular to the incident beam. The data are stored in digital form for

subsequent analysis. This includes the ability to obtain averages for constant scattering angle (0) as

functions of the azimuthal angle (0). If radial asymmetry exists in the scattering pattern, sector

averages for azimuthal angles are readily performed. The data-collection time for the present set of

measurements totalled approximately 6 hours for each specimen.

4. RESULTS

The neutron and x-ray scattering patterns for each specimen were qualitatively similar. Different

amounts of radial asymmetry were obtained for the different degrees of strain. The B specimen of

unstrained M30 produced the greatest degree of asymmetry. A plot of the raw, two-dimensional data

is presented in Figure 5. The asymmetry is attributable to the orientation of the NQ needle-like

crystal along the specimen axis. For all the B specimen data, 30O-sector averages centered about 0

were performed, with 0 equal to 00, 300, 600, and 900. The data were corrected for detector efficiency

and for background and were normalized to standard samples from which absolute cross sections are

determined. Sector averages were not performed for the A specimens because they showed radially

7



900 symmetric scattering. The coefficient of Q-4,

S. . .. . :. which is associated with the contrast and specific

--surface factor in Equation 5, is obtained by plot-

ting IQ4 vs Q4, fitting a straight line for the

appropriately chosen values of Q, and determin-
A -C ft 1L _ 0o ing the intercept. This was done for both neutron

and x-ray data. Equation 5 was inverted to obtain

"S1 and SP Figures 6 and 7 present the values of

A" . these specific surface areas for both propellants

• - ,as functions of strain for the A and B specimens,

and for sector averages for B specimens. For the
Figure 5. Undamaged B Type Scattering B specimens, 0 equal to 00 corresponds to the

Results for M30 Showing NQ Alignment axial direction of the specimen. Note that there

should be good agreement between the scattering produced by the undamaged A specimens and the

undamaged B specimens at 0 equal to 900, since these directions are the same. This agreement should

extend to the damaged specimens as long as nature and degree of damage remain the same in both

specimens.

5. ANALYSIS

5.1 M30 Figure 6 shows the specific area S, and SFB plotted against strain and axial orientation.

The specific area is the interface area per unit volume of material and is given in units of cm-'. S1

values for the specimens indicate that very few voids were present in the undamaged material.

Previous M30 propellant micrographs indicated that there were no voids in the binder. However,

crystalline NQ from another investigation, shown in Figure 8, reveals voids on the surface of the NQ

crystals. This micrograph and others from this series indicate that hollow NQ crystals could result

from these elongated voids being internalized and could account for the low but nonzero initial S,

values. The match in the S1 values for the A specimen and the B specimen at 0 equal to 900 is

demonstrated for the undamaged specimens, and the damage trends followed each other, but the B

specimen showed significantly more separation at 5% strain.

As strain increased, the A specimen showed an increase in Si until 5% strain, after which S,

leveled off and then increased again at higher strain. This is consistent with separation of binder and

filier with the internal voids of the NQ staying unchanged. The B specimens followed the same trend

as the A specimen with generally more separation observed at larger angles. This indicated that

8
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c. S vs Stain d. SFB vs Axial Orientation
for the A and B Specimen for the B Specimen

Figure 6. Specific Surface Area for M30 Propellant

separation occurred at the binder-filler interface, since more surface is exposed at greater angles

because of the NQ alignment in the axial direction. The generally lower values for the A specimen

indicate that less damage was produced at the specimen ends than in the middle. The rapid drop in

S, after 5% strain indicated that some closing of the newly created surfaces occurred as the NQ

crystals began to reorient (bend). At 20% strain, the values of S, showed a loss of the previously

mentioned order with angle, indicating a more random reorientation of the NQ crystals as they

continue to bend and break.
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In Figure 6b the S1 values for the B specimen are plotted against axial orientation with strain level

for each curve remaining constant. The general trend indicated is an increase in S1 to 5% strain, then

a slight reduction as some surfaces recombine at 10%, and an increase again at 20% with some surface

reorientation. Note that for the undamaged specimen, the S1 values remain about constant as 0

increases, and that the creation of new S, surface in the damaged specimens tended to increase with

* until recombination and reorientation occurred at the higher strain. Note that the information in

Figures 6a and 6b (as in 6c and 6d) is the same but presented from a different perspective.

In Figure 6c, the SýB values are plotted in a manner similar to the values in Figure 6a. The change

in magnitude between the S1 and SF values reflects the much larger surface that exists between

binder and filler than occurs with voids. The SF values at zero strain show a good match between

the A specimen and B specimen at ý equal to 90'. The values were very low along the 00 and 30°

direction, as they should be with little surface between binder and filler in this direction. The rise

in values with increasing strain for these low angles may be attributed to the reorientation of NQ

crystals. The perplexing feature of this plot is the enormous increase in SIB at 600 and 900 at 5%

strain. A mechanism accounting for this increase could be the precipitation of NG, which is a liquid,

from the binder mixture. This would create new binder-filler surface and still allow separation

surfaces to be created. The decrease of SF at higher strains is in line with continued separation, and

the magnitudes need not be reflected in corresponding increases of S,.

The changes in values of SF with axial orientation are shown in Figure 6d and follow what was

expected at each strain level. All values were low in the ý equals 00 direction (axial direction) and

increase as 0 increases. This was expected and reflected the alignment of the NQ crystals. However,

the unexpected increase in SF with strain is again clearly displayed.

5.2 M43 The specific area values for M43 are displayed in Figure 7. This propellant showed

no voids in the undamaged specimens. In the B specimen, Si showed increasing values at increasing

strains, and generally higher values in damaged specimens at increasing * values. This indicated

separation of the binder-filler interface, since the binder deforms plastically at 20*C and no fractured

RDX has been observed in micrographs of grains damaged during these conditions. Two features

in the S, curves need to be commented upon. The first concerns the divergence of the S, values for

the A specimen and the B specimen for ý equals 900 at increasing strain. These values should track

with each other because the surface area created here is the result of binder-filler separation, and axial

alignment is much reduced from that in the M30 propellant. These data suggested a significant

difference in the degree of damage in the two scattering specimens, which was subsequently verified.

10



8- 8-

4 4-
"_ U "A" G 0%

2- 00 2 @ 2%

A 300 A 5%
0o 600 0 0 10%

0 goo E 20%-2 ....... • • w .2 . , . , . , . , • ,

0 5 10 15 20 25 0 20 40 60 80 100

Strain (%) Axial Orientation

a. S, vs Stain b. S, vs Axial Orientation
for the A and B Specimen for the B Specimen

25 25

20 ~20

00 @2%15 A 300  u9 5%

o 600 0 10%
S900 E 20%

10 . 10 "*-

0 5 10 15 20 25 0 20 40 60 80 100
Strain (%) Axial Orientation

c. S vs Stain d. S vs Axial Orientation
for the A and B Specimen for the B Specimen

Figure 7. Specific Surface Area for M43 Propellant

The mechanism of failure is by shear along 450 cones, as illustrated in Figure 9. Since the A specimen

was taken from the end of the uniaxial compression specimen, the A specimen had areas of failure

in a ring near the circumference leaving the center relatively damage free. The B specimen, on the

other hand, contains the central portion of the compressed specimen, at which the 450 failure cone

is directed. Thus, the B specimens contained greater amounts of damaged material, as observed. The

second feature concerns the change in S, values with axial orientation (see Figure 7b). The increase

in S, as 0 increases shows that binder-filler separation preferentially occurred on the lateral surfaces

11



Figure 8. Micrograph of NQ Crystals Figure 9. Type B Specimen at 20% Strain
Showing Surface Voids Showing 450 Failure Surfaces

of the crystal to as much as 10% strain. At 20% strain this trend with 0 changes indicating that the

RDX crystals suffering interface damage were becoming so loose within the matrix that they were

able to rotate. This would cause what was observed, a more rapid increase in S, at lower ý values

and reduction in S, at higher * values.

The SFB curves plotted against strain show rapidly decreasing surface area immediately upon

deformation, rejoining or reforming of the separated surfaces at about 5% strain, and then another

significant separation occurring at 10% strain with the net separation remaining about the same

through 20% strain. Note that the A specimen and the B specimen at ý equal to 900 matched well,

as expected, and the A specimen again showed significantly less damage. The changes in SFB with

axial orientation showed these same features and made another observation clear, as well. The

ellipsoidal shapes of the RDX crystals appeared to align with the axial direction of the specimen. This

was indicated by the increasing values of SFB at increasing ý for the undamaged, 2%, and 5% strain

specimens (see Figure 7d). At the higher strains, the onset of rotation of the crystals noted above

disrupts this trend. These observations provide a consistent picture and add significant insight into

the failure process for M43 propellant.

One additional piece of information that adds credence to the interpretation of these measure-

ments is given in a recent determination of the surface area per gram of RDX crystals9 , which was

made before mixing the crystals with the binder. The value of the surface area density, Sad was found

to be 1.86 x 104 cm 2/g. This can be converted to specific density for M43 by using

SFB = Sd §F VF, (6)

12



in which 8F and vF are the mass density and volume fraction of the filler in the M43, respectively.

The density of RDX is 1.80 g/cm 3 and its volume fraction in M43 propellant is 0.675. When these

values are used, the specific surface value received is 2.26 x 104 cm-'. This value is in good agreement

with the values measured here for the undamaged specimens. (See Figure 7c, where the dot on the

y-axis shows this value.)

6. CONCLUSIONS

A new method has been found for investigating the changes in surface morphology of filled

energetic materials. Neutron and x-ray scattering were used to measure the binder-filler and void

surfaces in M30 and M43 gun propellant as a function of strain and axial asymmetry of the specimen.

For the M30 propellant, scattering measurements showed many features of the propellant system,

including previously noted axial alignment of the NQ crystals; the large binder-filler surface area

orthogonal to the crystal axis; the strain level at which fracture begins; and the nature of the failure

mechanism, that is, binder-filler separation. Also indicated in the data was the relatively small level

of specific surface area attributed to voids, rejoining of separated portions of damaged propellant

after a certain strain level, and the reorientation of NQ crystals at high strain. One result that is not

well understood was the indication of dramatic increases in binder-filler surface area. This was

unexpected and may be attributable to an occurrence such as the precipitation of nitroglycerin (a

liquid) from the binder mixture. Efforts to understand these results are continuing.

It seems that for M30, there was little free surface area (S,) and not much new separation area

created in the early deformation. Between 2% and 5% strain, most of the separation damage was

created, and at larger strains, some reconnection of separated surfaces occurred. At even greater

strain, no significant increase occurred, as if the additional strain only deformed the already separated

surfaces by bending. The evolution of the binder-filler interface surface (SlB) in M30 shows a modest

reduction at low strain and then underwent some unanticipated mechanism (as mentioned above) that

created more binder-filler surface.

The most significant morphological features observed for M43 propellant were absence of voids

before compression, and the axial alignment of the major axis of the ellipsoidal RDX particles along

the specimen axis. This alignment was much less than that for M30 but still observable. Upon

compression, the degree of damage was much less in the A specimen because of the shear failure

occurring in the specimen and the method of specimen preparation, explained above.
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Results suggested that when deformation occurred in M43, binder-filler separation began

immediately and increased steadily throughout the deformation. Some recombination of separated

interface of binder-filler surface seems to occur at about 5% strain. However, as compaction

continued the separation grew, and there was an indication that RDX crystals became free to rotate

in the matrix somewhere between 10% and 20% strain.

This information was largely unknown before these experiments were performed. These new

insights will help guide the development of propellants and will aid in the development of methods

for increased performance and reduced vulnerability response.

The scattering techniques that were developed in these studies will permit more extensive

progress in future scattering efforts. Low temperature deformation will be investigated to further

study the onset of fracture with a more brittle binder. Other experiments on single- and double-base

propellants will offer similar insight into the fracture mechanisms of unfilled propellant systems and

will provide methods for improving the understanding of the failure process.

It is clear, from the successful application of both neutron and x-ray scattering in the present

study, that this method of obtaining information about the microstructure of composite materials has

wide application. This is especially important in situations when voids in the material are not

accessible and when the condition of the interface between material components is of some

consequence to the properties of the composite. Manufacturing processes such as pelletting, in which

parameters such as strain rate and temperature can be controlled, would probably benefit greatly by

the use of these methods to characterize the state of the material.
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